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ABSTRACT
EMILY FOLEY: Characteristics of modal layering in the Round Valley Peak Granodiorite,
eastern Sierra Nevada, California
(Under the direction of Dr. Allen F. Glazner)
Many granitic plutons exhibit alternating mafic and felsic layers known as modal
layering. They have been classically interpreted as sedimentary features that formed by
crystal sedimentation. However, field observations and geochemical data from a modally
layered domain of the Round Valley Peak Granodiorite and nearby non-layered granodiorite
contradict the standard interpretation. A typical layer consists of three units: a mafic, fine-
grained layer, an intermediate layer, and a more coarse-grained felsic layer. Features that
contradict a sedimentary model include: (1) features that resemble cross bedding but have
contradictory paleo-up directions within adjacent layers; (2) poles to layering that scatter
over about one quarter of a stereonet; (3) large, dense biotite crystals among quartz and
feldspar crystals in parts of layers that are deemed stratigraphically high. An alternative
hypothesis is that layering results from self-organization owing to crystal aging.
Characterization of the modally layered unit has allowed for assessment of the hypotheses.
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I. Introduction
Many granite plutons around the world exhibit alternating mafic and felsic layers, a
phenomenon known as modal layering. Igneous layers in mafic and ultramafic plutons have
been historically interpreted using the cumulate theory outlined by Wager et al. (1960),
wherein layers form as crystals accumulate on the floor of a magma chamber (Irvine, 1981;
McBirney and Nicolas, 1997). Variations on cumulate theory have been used to explain
modal layering in granitic systems. The structures have been classically interpreted as
sedimentary features that formed by crystal sedimentation, slumping, and turbidity currents
(Clarke and Clarke, 1998; Hodson, 1998; Weinberg et al., 2001; Wiebe et al., 2002; Pons et
al., 2006; Zak and Klominsky, 2007; Solgadi and Sawyer, 2008). However, there are
problems with this interpretation, including the following. (1) The classic model is based on
large, long-lived magma chambers, and cannot be applied to plutons that did not exist as
large molten bodies and were emplaced incrementally (Coleman et al., 2004). (2) The
sequence of crystallization required by the observed order of minerals is inconsistent with
phase equilibria. (3) Sedimentary features such as cross bedding require turbulence in the
magma, but it is unlikely that viscous granitic magmas are fluid enough for turbulent flow to
occur. (4) A sedimentary origin requires flow and sedimentation when a magma is too
crystal-rich for such processes to occur.
Field observations of the modally layered Round Valley Peak Granodiorite cast doubt
on the crystal sedimentation model. Layers locally dip steeply and their orientations vary
2widely (Fig. 1). Structures that resemble cross bedding are abundant, and should indicate
paleo-up if formed by similar mechanisms; but, sets of “cross-beds” within close proximity
indicate opposing directions of paleo-up, with no evidence of folding that could explain such
discrepancies (Fig. 2C). The bulk composition of the layered material is significantly
different from the host pluton, and if this is cumulate material, then the missing liquid
represents a composition (e.g., high-SiO2, high-Al2O3) that is not observed in databases of
igneous rock compositions.
An alternative hypothesis is that modal layering is a result of textural coarsening,
crystal aging, and self-organization processes—non-dynamic, chemical processes. For
example, Boudreau (1987) proposed that layering in plutonic rocks could develop through
crystal aging and chemical diffusion away from a crystallization front. The objective of this
study is to assess the sedimentary and non-dynamic hypotheses for the origin of layering in
granitic systems through detailed mapping, petrography, and geochemistry.
3Fig. 1 Location map of the modally layered Round Valley Peak
Granodiorite. (Right) Geologic map of the Sierra Nevada Batholith,
including the John Muir Intrusive Suite. (Left) Geologic map of the
modally layered and surrounding non-layered Round Valley Peak
Granodiorite showing orientation of foliation of the modally layered and
non-layered units, and lineation in the modally layered unit. Geographic
units are UTM, zone 11N, NAD83 datum.
4Fig. 2 Characteristics of the Round Valley Peak Granodiorite. A Typical modal layering. B
Example of intersecting layers usually interpreted as equivalent to sedimentary cross
bedding. C Sets of intersecting layers showing contradicting paleo-up directions if
interpreted as cross bedding. D Ductile faulting of the modally layered unit. Arrows
indicate interpreted direction of motion along the fault. E Brittle-ductile deformation of the
modally layered unit. Parts of layers appear to have been ripped off by a younger felsic
dike, which intruded parallel to layering. F Brittle deformation of the non-layered unit. A
mafic enclave was split by a cross-cutting felsic dike.
II. Geologic background
Early Mesozoic subduction of the Farallon plate beneath the North American plate
led to arc magmatism and formation of the Sierra Nevada batholith. Three main Mesozoic
magmatic pulses occurred during Triassic, Jurassic and Cretaceous time (Bateman, 1992).
The latest pulse formed four major sets of nested plutons: the Sonora Pass, Tuolumne, John
Muir and Whitney intrusive suites, which were emplaced from 98-86 Ma (Coleman and
Glazner, 1997).
The focus of this study, the Round Valley Peak Granodiorite, is located within the
John Muir Intrusive Suite (Fig. 1). The suite was emplaced during high-volume magmatism
that occurred in the Sierra Nevada during the Late Cretaceous. Unlike the other coeval, more
equant concentrically zoned suites such as the Tuolumne Intrusive Suite (Bateman, 1992),
plutons of the John Muir Intrusive Suite are parallel and elongated (Gracely, 2007). There are
seven plutons within the John Muir Intrusive Suite, including the Round Valley Peak
Granodiorite, that were intruded in a northeastward-younging direction between 87-92 Ma
(Bateman and Dodge, 1970; Gracely, 2007). Plutons became progressively more felsic in
composition with time (Stern et al., 1981; Bateman, 1992).
The Round Valley Peak Granodiorite crops out in Little Lakes Valley of the eastern
Sierra Nevada (Fig. 1). There are two distinct units: a typical, non-layered granodiorite and a
modally layered granodiorite. The modally layered rock (Fig. 3) consists of three main
compositionally and texturally distinct layers:
6a) Layer A is the most fine-grained layer (median crystal diameter ~ 1 mm) and
contains abundant hornblende. Major minerals include hornblende, biotite, plagioclase, K-
feldspar and quartz. Important accessory minerals include titanite and apatite.
b) Layer B consists of medium-sized grains (median crystal diameter ~ 2 mm) and
lacks abundant hornblende crystals. Major minerals include abundant plagioclase, K-feldspar
and quartz, as well as minor hornblende, with accessory titanite and apatite.
c) Layer C contains large biotite crystals (up to 5 mm in diameter) set in a matrix of
plagioclase, K-feldspar and quartz (median crystal diameter ~ 3 mm). Accessory minerals
include titanite and apatite.
These sublayers are not sharply defined in most places, although the A-C contact is
commonly the sharpest and is typically considered the base of a layer in sedimentary
interpretations of layering. Thin sections descriptions of the non-layered and modally layered
granodiorite can be found in Appendices XI.
Small-scale features such as mafic enclaves, mafic dikes, aplite dikes, and brittle and
ductile deformation are abundant in both the modally layered and non-layered Round Valley
Peak Granodiorite (Fig. 2). Leucogranite veins are common and tend to run parallel to modal
layering (Fig. 3)
7Fig. 3 Representative modal layering of the Round Valley Peak Granodiorite. The
full cycle of layers contains three constituents, referred to in this study as A, B
and C. Layer A is the most fine-grained, mafic layer and contains abundant
hornblende. Layer B is more felsic and is dominated by plagioclase, K-feldspar,
and quartz. Layer C is more coarse-grained and contains large biotite crystals in a
matrix of quartz and feldspar. Variations on the appearance of individual layers
are common. Leucogranite veins can sometimes be observed running parallel to
the modal layering, and are apparent in this photo below A and above C.
8III. Previous work
Modal layering: dynamic vs. non-dynamic mechanisms
Many conceptual models have been used to explain the formation of layering in
plutonic rocks. The different hypotheses fall under two broad categories: dynamic
mechanisms, including crystal settling, magma flow, and compaction; and non-dynamic
mechanisms, including crystal aging and metasomatism (Naslund and McBirney, 1996;
Barbey, 2009; Table 1).
Dynamic processes have historically been the preferred mechanisms in models of
formation of igneous layering in both mafic and granitic systems. Most of these processes
and models are largely based on field observations, usually with analogy to sedimentary
processes such as debris flows and ripple migration. Dynamic models involve variations on
fractional crystallization, crystal accumulation on a magma chamber floor, and removal or
crystallization of interstitial melt (Table 1).
Fewer models have been used to explain formation of igneous layering by non-
dynamic processes. Non-dynamic models invoke competitive crystal growth and diffusion
away from a crystallization front (Table 1).
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IV. Methods
Field data
Field data were collected from a strongly layered area within the Round Valley Peak
Granodiorite, near Mack Lake, eastern Sierra Nevada, California (Fig. 1). Data collection
focused on the modally layered unit but extended into the surrounding non-layered rocks.
Geologic mapping of a 100 m by 50 m area was conducted using differential GPS for control
(estimated precision of horizontal positions is 1 m). Measured features include strike and dip
of modal layering in the layered unit; foliation defined by hornblende and oblate mafic
enclaves in the non-layered unit; trend and plunge of lineation defined by hornblende grains;
and orientations of brittle and ductile faults. Where features resembling cross bedding were
observed, apparent “up” direction (interpreting the features in the same way as sedimentary
bedding) was recorded.
Magnetic susceptibility of the Round Valley Peak Granodiorite was measured using
an SM-30 magnetic susceptibility meter. The meter has an 8 kHz LC oscillator and a 5 cm
diameter pick-up coil sensor. Measurements were taken at several stations in the modally
layered and non-layered units. Each station was a 1 m long section and data were collected at
2 cm intervals.
Electron microprobe
Microprobe analyses were conducted using a JEOL JXA-8900 electron microprobe at
the University of Minnesota, Minneapolis. Minerals were analyzed at a 10 kV accelerating
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voltage. Feldspar grains were analyzed using a 25 nA electron probe current. Hornblende,
biotite, magnetite, and apatite were analyzed using a 15 nA probe current and a defocused
beam to reduce volatilization. Matrix corrections were performed using the ZAF correction
scheme. Samples of each layer type (A, B, C) from the layered Round Valley Peak
Granodiorite and one sample of the non-layered unit were analyzed. Up to three points per
grain were analyzed to determine variation within the mineral. Several line scans were
performed on plagioclase grains to show detailed geochemical variation across zoning.
Scanning electron microscope imaging
Textural relationships of the modally layered and non-layered units were observed
with a Leica Stereoscan 440 scanning electron microscope at the University of North
Carolina. Backscattered electron images were acquired using typical operating conditions of
15 kV accelerating voltage and 5-10 nA beam current. X-ray maps were produced at up to 20
nA beam currents using a silicon drift X-ray detector and 4pi Revolution software.
X-ray fluorescence core scanning
An Avaatech X-ray fluorescence (XRF) core scanner was used to determine
variations in composition across multiple layers. Several rock slabs were cut into cores, and
were scanned perpendicular to modal layering. Major elements were analyzed at 10 kV
accelerating voltage for 30 seconds, and trace elements were analyzed at 30 kV accelerating
voltage for 45 seconds. The rock was analyzed every 2 mm with a spot size of 2 mm. Data
analysis was completed using the WinAxil program.
Whole rock and trace element geochemistry
Whole rock geochemistry of the modally layered granodiorite, as well as the
surrounding non-layered granodiorite, was determined on lithium metaborate/tetraborate
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fused powders using ICP-OES by Activation Laboratories (Ontario, Canada), and by
wavelength dispersive X-ray fluorescence on lithium metaborate fused powders at the
University of North Carolina. Trace element geochemistry was determined on lithium
metaborate/tetraborate fused powders using ICP-MS by Activation Laboratories. Samples
analyzed include representative samples of the individual layers A, B, and C, as well as
several samples containing a full cycle from the mafic layer A to the felsic layer C and non-
layered samples.
Plagioclase and K-feldspar staining
A large slab was cut into a core and polished. The polished surface was immersed in
29M hydrofluoric acid for ~1 minute then rinsed with water. The core was immersed in a
20% amaranth solution for ~5 seconds to stain plagioclase a reddish-purple color. K-feldspar
was stained yellow by immersing the core in a 50% sodium cobaltinitrite solution for ~10
seconds. The core was rinsed in water between each staining. The core was scanned into a
600 dpi image and filtered for plagioclase and K-feldspar using image analysis software. The
percent of each mineral across the core image was determined using Matlab.
V. Results
General field observations
Detailed mapping of the modally layered Round Valley Peak Granodiorite and
surrounding non-layered unit indicate varying relationships between the two distinct units
(Fig. 1). Modal layering ranges from concordant to highly discordant to contacts. Orientation
of foliation defined by hornblende alignment and mafic enclave flattening in the non-layered
granodiorite varies widely, but is generally steep and E- to NE-striking (Fig. 4). Foliation
defined by modal layering also varies dramatically, but generally dips to the SW at moderate
to high angles (31°-76°) (Fig. 4). A breccia pipe lies near the center of the modally layered
rock, and within a few meters of the pipe the orientation of layering is extremely erratic.
Copper staining and fine-grained, dark xenoliths were found near the breccia pipe, but were
not observed in other areas of the pluton. Lineation defined by hornblende elongation in the
modally layered granodiorite generally trends south and plunges between 21°-58° (Fig. 4).
Small-scale features distinguish the modally layered and non-layered units. Mafic,
aplite, and leucogranite dikes cut through both rock types, but mafic enclaves are abundant in
the non-layered granodiorite and are conspicuously absent in the modally layered unit. Both
units are slightly deformed, but the non-layered rock exhibits only brittle deformation and the
modally layered rock exhibits largely ductile faulting (Fig. 2 D, E, F).
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Fig. 4 Stereonet plot of foliation and lineation in the Round Valley Peak Granodiorite.
Foliation in the non-layered unit is defined by orientation of hornblende crystals and oblate
mafic enclaves. Foliation in the layered unit is defined by modal layering and lineation is
defined by elongated hornblende crystals. Orientation of the modal layering is variable but
generally strike NW and dip at moderate to steep angles. The variable orientation and dip of
the modal layering does not support formation by crystal sedimentation, which would result
in layers of consistent orientation and shallow dip.
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Magnetic Susceptibility
Magnetic susceptibility measurements reveal another important difference between
the modally layered and non-layered units. The modally layered granodiorite has far higher
magnetic susceptibility than the non-layered unit (Fig. 5, Table 2). The magnetic
susceptibility of the non-layered unit is typical of Sierran granodiorites (Gracely, 2007).
Measurements as high as those seen in the modally layered rock have not been observed in
other granodiorites of the Sierra Nevada batholith (Gracely, 2007). Because magnetite has a
far higher magnetic susceptibility (2 SI units, Aydin et al., 2007) than other minerals in the
rock such as quartz or feldspar (-10-6 SI units, Aydin et al., 2007), this increase probably
reflects higher oxidation state, and thus a higher modal proportion of magnetite, in the
layered rocks.
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Fig. 5 Magnetic susceptibility measurements from the modally layered unit (station 3)
and non-layered Round Valley Peak Granodiorite (station 2). Measurements were taken
every 2 cm. Magnetic susceptibility throughout the modally layered unit is extremely
high compared to the non-layered unit and other Sierran rocks (Gracely, 2007).
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X-ray fluorescence
X-ray fluorescence core scanning was used as a semi-quantitative way to show the
variation of major elements across layers in the modally layered granodiorite. Si is generally
higher in the felsic layers and lower in the mafic layers, but exceptions occur (Fig. 6). Fe
shows a complementary trend; mafic layers have high Fe, whereas felsic layers have low Fe
(Fig. 6). Concentrations of other elements in the individual layers indicate the dominant
mineral in that layer. Ca content is high in mafic layers because it is a major constituent of
hornblende, whereas felsic layers contain more K because of the abundance of K-feldspar
and biotite (Fig. 6). Peaks and valleys defined by Ti are less pronounced across the core,
probably because biotite and titanite occur throughout the layers (Fig. 6).
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Fig. 6 X-ray fluorescence core scan data showing major element variation across a core
(sample RC08-05) cut perpendicular to modal layering. The mafic layer A is defined by
low Si and K values and high Fe and Ca. More felsic layers (B and C) have higher Si and
lower Fe. Layer C is locally high in K because of the presence of large biotite crystals.
Distribution of elements is controlled mainly by the mineralogy of the individual layers.
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Whole rock major element geochemistry
Major oxide data from 28 samples of the Round Valley Peak Granodiorite show
chemical variation among the layered and non-layered granodiorite compared to data from
other Sierran rocks from the NAVDAT database1. Two samples of non-layered Round Valley
Peak Granodiorite lie on the trend defined by the Sierran data (Fig. 7). In contrast, the
layered samples form a trend that is highly oblique to the Sierran trend for many oxides.
Whole rock compositions of a full cycle, from mafic layer A to felsic layer C, fall within the
trend formed by the individual layers but lie conspicuously off of the Sierran trend. The
layered granodiorite is lower in SiO2, Al2O3, and Na2O than the non-layered rock, but
significantly higher in CaO, Fe2O3, TiO2, MnO, and P2O5 (Fig. 7).
It is clear that the whole rock geochemistry of the modal layers is defined by the
composition of the major minerals of those layers (Fig. 7). Whole rock CaO values of layer A
trend toward hornblende (Fig. 7), whereas whole rock CaO values of the more felsic B and C
layers trend away from plagioclase and toward biotite. Accessory minerals, such as apatite,
have slightly less effect on the whole rock trend owing to their low abundance (Fig. 7).
                                                 
1 Sierran data were acquired from the NAVDAT database (www.navdat.org) on Oct 26, 2009
at 2:34 PM by drawing a geographic bounding box around the Sierra Nevada Range and
extracting pertinent major, trace, and rare earth element data. The majority of these data are
from Bateman et al., 1988.
21
Fig. 7 Whole rock major oxide and mineral compositions of the modally layered
and non-layered Round Valley Peak Granodiorite compared to other Sierran
rocks. Non-layered samples lie on a trend defined by Sierran data; modally
layered samples are conspicuously oblique to the trend. Samples containing a
full cycle of layers (A+B+C) also lie off the Sierran trend. Dotted lines point
toward mineral compositions that lie off the plot area. Solid lines point toward
the general composition of the liquid that would need to be added to the whole
rock composition of the layers to make them equal to the composition of the
non-layered granodiorite.
22
Fig. 7 Continued Whole-rock major oxide and mineral compositions of the modally
layered and non-layered Round Valley Peak Granodiorite compared to other Sierran
rocks. Dotted lines point toward mineral compositions that lie off the plot area. Solid
lines point toward the composition of the liquid that would need to be added to the
whole-rock composition of the layers to make them equal to the composition of the
non-layered granodiorite.
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Trace element geochemistry
Trace element data were also collected from the same 24 samples. Several trace
elements including La, Sc, V and Th are more concentrated in the mafic A layers relative to
the other units (Fig. 8). Other trace elements, such as Sr, show opposite trends. Sr is
concentrated in the C layers, compared to the A and B layers, as well as the non-layered
rocks (Fig. 8). As with major elements, trends defined by most trace elements are oblique to
the main Sierran trend (Fig. 8).
Rare earth elements
Samples from mafic layers contain the highest concentrations of rare earth elements
(REEs) (Fig. 9). The B layer contains the second highest concentration of REEs, followed by
the C layer (Fig. 9). A sample representing an entire layer, and the non-layered rocks,
contains the lowest concentrations of REEs (Fig. 9). Rare earth element concentrations of the
mafic A layers are typically higher than the range of REE values defined by the Sierran data
(Fig. 9). The B layer REE values plot toward the high end of the Sierran range, whereas the
C layer REE values lie in middle of the trend. The REE values of the entire-layer sample and
the non-layered rocks plot at the lower end or below the Sierran range (Fig. 9). In general, the
modally layered rocks are more enriched in REE than the non-layered unit (Fig. 9), by a
factor of up to 8 times.
All samples from the Round Valley Peak Granodiorite exhibit either a minor negative
Eu anomaly or no anomaly at all (Fig. 9, 10). The most mafic layers have the most
pronounced Eu anomalies, whereas the non-layered samples have none. No samples have a
complementary positive Eu anomaly.
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Fig. 8 Trace element concentrations vs. SiO2 comparing compositions of the Round Valley
Peak Granodiorite to Sierran data. Some trace elements (La, Sc, V, and Th) are
concentrated in the mafic layers compared to the felsic layers and non-layered rocks. Sr is
positively correlated with SiO2, whereas Ba data are scattered. Formation of modal
layering by fractional crystallization should lead to higher concentrations of incompatible
trace elements in the felsic layers, contradictory to the observed trends in the Round Valley
Peak Granodiorite.
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Fig. 9 Chondrite-normalized rare earth element (REE) concentrations in the
Round Valley Peak Granodiorite. Gray polygon represents the general REE
pattern outlined by Sierran rocks. Modal layering generally have higher
concentrations of REEs than the non-layered unit or Sierran rocks. The mafic
layer A has the highest REE values, typically higher than Sierran data. Layer B
lies toward the top of the Sierran range, and layer C lies toward the middle of the
range. The sample containing an entire cycle of layers is more enriched in REEs
than the non-layered samples.
26
Fig. 10 REE ratios showing variation in REE patterns of the Round Valley Peak
Granodiorite. Eu/Eu* values indicate all samples either have a negative Eu anomaly, or no
anomaly. The mafic layer A has the most pronounced negative Eu anomaly. Ratios La/Lu
and La/Sm show there is very little change in the slope of the REE patterns; this is
unexpected due to the differences in mineralogy of the individual layers. REE patterns
seem to be independent of mineralogy and contradict formation of modal layering by
fractional crystallization.
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Feldspar compositions
K-feldspar crystals from the Round Valley Peak Granodiorite are potassic, averaging
Or86-92 (Table 3). Plagioclase grains become slightly more anorthitic from the mafic layers to
felsic layers (Fig. 11).
Plagioclase and K-feldspar staining
Overall, plagioclase is more abundant and widespread than K-feldspar in the modally
layered unit (Fig. 12). There are sections of the core where there is almost no K-feldspar
present. Percent of plagioclase and K-feldspar in the layers vary, and the trends of the
individual minerals complement each other: when the abundance of plagioclase is low, the
abundance of K-feldspar is high.
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Fig. 11 Anorthite content of plagioclase compositions from the Round Valley Peak
Granodiorite. Anorthite content is similar among all samples but generally increases from
layer A to layer C. An content of layer C is the highest compared to the other layers and
non-layered unit.
29
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Fig. 12 Photograph and image processing of plagioclase and K-feldspar stained core. A
Photograph of the stained core. Plagioclase is red-purple in color, K-feldspar is yellow.
B Image processing and percent of plagioclase across the core. C Image processing and
percent of K-feldspar across the core. Overall, plagioclase is more abundant than K-
feldspar.
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Apatite halogen content
Apatite crystals in the Round Valley Peak Granodiorite exist largely as inclusions in
biotite. All analyzed apatite crystals have ~50 mol% F and ~50 mol% OH in the hydroxyl
site, with little Cl (Table 4). Apatite inclusions from the modally layered and non-layered
units are very similar in composition.
Scanning electron microscope imaging
Biotite grains in the layered unit contain abundant apatite and magnetite inclusions,
and inclusions are slightly less abundant in biotite grains in the non-layered unit (Fig. 14). In
the layered rocks titanite crystals are generally euhedral; in the non-layered rocks titanite
crystals are anhedral or exist as small veins in other minerals (Fig. 14). Titanite seems to be
closely associated with magnetite in the modally layered rock (Fig. 13, 14). For example,
magnetite crystals sometimes have titanite rims indicating reactions between magnetite and
titanite (Fig. 13).
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Fig. 13 Backscattered electron image (bottom) and X-ray maps (top) of magnetite
crystal from a mafic layer A of the Round Valley Peak Granodiorite (sample RC08-08).
An example of the common reactions between magnetite and titanite in the modally
layered unit. The magnetite is surrounded by a titanite rim and contains inclusions of
apatite.
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Fig. 14 Backscattered electron images of the Round Valley Peak Granodiorite. A
Biotite with numerous apatite and magnetite inclusions from sample RC08-05,
layer C. B Closer view of apatite and magnetite inclusions in biotite from sample
RC08-08, layer A. C SEM image illustrating the euhedral titanite form and close
association of magnetite and titanite from sample RC08-08, layer A. D Example of
titanite-magnetite interactions from sample RC08-22, layer B. E SEM image
illustrating the anhedral form of titanite in the non-layered unit, sample RV08-01.
F Example of titanite veins observed in feldspar crystals of the non-layered unit,
sample RV08-01.
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Fig. 15 Experimentally derived phase diagram showing the predicted
crystallization sequence for the Mount Airy leucogranodiorite, Mount Airy,
North Carolina at 2 kb confining pressure (Whitney, 1988). Biotite crystallizes
early, followed by plagioclase and quartz. K-feldspar is one of the last phases to
crystallize.
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VI. Discussion
Is crystal sedimentation an applicable layer formation process in granitic systems?
The results of this study cast doubt on formation of modal layering in granitic systems
by crystal sedimentation and flow in a magma chamber. The crystal sedimentation model
compares layering and features that resemble cross bedding to actual sedimentary features. In
sedimentary systems, cross-bedding forms when a high-velocity fluid (water or wind) flows
over previously deposited layers.  Sediments are deposited on the steep slope of a ripple or
dune by avalanching or suspension settling (Boggs, 2006). Formation of cross bedding
requires turbulent flow, but it is highly unlikely that the Reynolds number in a granitic
system is high enough for turbulent flow to occur. The change from laminar flow to turbulent
flow over a plate occurs at Reynolds numbers between 500 and 2000 (Boggs, 2006), where
Re is defined as:
µ
ρ
⋅⋅= LURe
where U is the velocity of flow, L is a length scale, µ is the dynamic viscosity and ρ is the
density of the fluid. To estimate the Reynolds number of a granitic magma, U is set to 1.75
m/s (a value estimated for basaltic magma by Irvine, 1980, and undoubtedly far faster than a
granitic magma would flow); µ is 104.5 Pa s (Clemens and Petford, 1999); and ρ is 2500
kg/m3 (Glazner et al., 1997). This yields a Reynolds number of 0.1383• L, many orders of
magnitude lower than required to cause turbulent flow for typical length scales on the order
of one meter.
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Furthermore, cross bedding in igneous rocks consistently indicates paleo-up, but in
the Round Valley Peak Granodiorite, sets of tangential layers within close proximity (~1m)
indicate opposing directions of paleo-up (Fig. 2C). The inconsistency of apparent up
directions makes it difficult to interpret the tangential layers as depositional features;
therefore they may not indicate magma flow and crystal sedimentation.
Crystal sedimentation on the floor of a magma chamber should form layers with a
consistent orientation and shallow dip, but modal layering in the Round Valley Peak
Granodiorite exhibits inconsistent strike and moderate to steep dips (Fig. 4). There is no
obvious indication that the Round Valley Peak Granodiorite had been tilted or otherwise
significantly deformed, and therefore these layer attitudes are inconsistent with crystal
sedimentation on the floor of a magma chamber.
Solgadi and Sawyer (2008) described a modally layered granodiorite just east of
Yosemite National Park and stated the features were normally graded with respect to density.
They argued normal density gradation supports a depositional origin of the structures.
However, as in the Round Valley Peak Granodiorite occurrence, the felsic layer (interpreted
by them to be uppermost in a set) contained large biotite crystals (Fig. 3). The settling
velocity of a particle can be quantified using Stokes law:
µ
ρρ
9
)(2 2gr
w fp
−
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where ρp and ρf  are the density of the particle and fluid, respectively; g is the acceleration
due to gravity; r is the radius of the particle; and µ is the dynamic viscosity of the fluid.
Density and size are two important factors determining the settling velocity of a particle. The
density of biotite (2.7-3.3 g/cm3) is high and comparable to hornblende (3.02-3.59 g/cm3,
Deer et al., 1992), so these rocks are not normally graded with respect to density. The high
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density, and more importantly the large size of the biotite crystals would cause them to have
a high settling velocity. If the layers formed by crystal settling, the large biotite crystals
should be at the base of the layer along with more dense minerals like hornblende. The
presence of large biotite crystals in layers dominated by low-density minerals like quartz and
feldspar makes it difficult to explain the formation of layering by crystal settling and density
sorting.
The extreme values observed in the magnetic susceptibility measurements also shed
doubt on the crystal sedimentation model (Fig. 5). If the layers formed simply by density
sorting of crystals during settling, one would expect the average magnetic susceptibility of
the layers to be similar to the values observed in the non-layered unit and in typical Sierran
granodiorites. The unusually high magnetic susceptibility values indicate some other process
caused an increase in oxidation state, and therefore an increase in the modal proportion of
magnetite.
Can the cumulate model sufficiently explain formation of modal layering in the Round
Valley Peak Granodiorite?
Formation of modal layering in granitic systems is often explained using the cumulate
hypothesis, which invokes fractional crystallization and crystal accumulation. The modally
layered Round Valley Peak Granodiorite exhibits extraordinary geochemical complexities.
These complexities make it difficult to explain formation of modal layering by fractional
crystallization and crystal settling alone, and may indicate that these rocks are not typical
cumulates.
If the layers formed by fractional crystallization, the mafic layer A would crystallize
first followed by the more felsic layers, B and C. The sequence of crystallization in a
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granodiorite contradicts fractional crystallization. Experimental studies of granodiorite
indicate that biotite crystallizes early (Fig. 15). The presence of abundant biotite crystals in
the felsic layers C contradicts layer formation by fractional crystallization. Furthermore, K-
feldspar is one of the last phases to crystallize (Fig. 15), but K-feldspar is present throughout
the layers A, B, and C. If the layers formed by fractional crystallization, K-feldspar should
only be present in the late-forming layer C.
Trace element data from the Round Valley Peak Granodiorite cannot be used to
support fractional crystallization as a layer formation process. If modal layering of the Round
Valley Peak Granodiorite formed by fractional crystallization, the incompatible elements
would be concentrated in the later felsic layers. However, several incompatible elements
show an opposite trend (Fig. 8). For example, La and Th are negatively correlated with SiO2:
the mafic layers have the highest concentrations of the elements. Other incompatible
elements, such as Ba, show no correlation with SiO2. Concentrations of some trace elements
in the Round Valley Peak Granodiorite may be heavily controlled by the mineralogy of the
individual layers. For example, Sc and V can substitute for Fe2+ and Fe3+, respectively, and
could be preferentially concentrated in minerals comprising the mafic layers. Sr correlates
positively with SiO2, and it is strongly compatible in plagioclase, a major constituent of the
felsic layers.
Major oxide compositions of the modally layered Round Valley Peak Granodiorite
define a trend that is oblique to the trend defined by the non-layered unit and other Sierran
rocks (Fig. 7). The compositions of individual layers usually trend toward the composition of
the major mineral constituent of the respective layer. For example, K2O contents of the layers
trend toward the compositions of biotite and K-feldspar (Fig. 7). If the modally layered
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Round Valley Peak Granodiorite formed by fractional crystallization and crystal settling, it
would be expected that the average composition of the layers would be equal to the
composition of the non-layered granodiorite. Instead, the samples that contain a full cycle of
layers (A+B+C) do not have the same composition as the non-layered samples, indicating
that either a liquid was removed from the system, or some other process concentrated certain
elements during layer formation. If fractional crystallization and liquid removal took place,
the composition of the missing liquid plus the whole rock composition of the layered unit
should equal the composition of the non-layered unit. However, the hypothetical removed
liquid would have a composition that has not been observed in other Sierran rocks (Fig. 7).
For example, the liquid would be high in both SiO2 and Al2O3 (Fig. 7). Instead, the data
indicate that the modally layered and non-layered units formed by different geochemical
processes.
Rare earth element geochemistry of the Round Valley Peak Granodiorite provides
interesting insight into the development of the modally layered unit. If the layers formed by
fractional crystallization, one would expect that some layers would be enriched in REEs and
others depleted, with the sum of the values equaling the REE content of the non-layered
granodiorite. The sum of the REE concentrations of the individual layers does not equal the
composition of the non-layered granodiorite (Fig. 9). Furthermore, the sample containing a
full cycle of layers (A+B+C) has a higher concentration of REEs than the non-layered
granodiorite, indicating the modally layered rocks are more REE-enriched overall. The mafic
layers have the highest concentration of REEs, at values above typical Sierran rocks (Fig. 9).
The felsic layers have lower REE concentrations, and the non-layered rocks have REE
concentrations below almost all of the layered samples.
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More importantly, differences in mineralogy should lead to variation in the slope of
REE patterns. Although the mineralogy of individual layers is dramatically different, slopes
of the REE patterns do not differ significantly from the most mafic layer to the most felsic
layer and non-layered samples (Fig. 10). In fact, the REE patterns of individual layers seem
to be independent of mineralogy. Titanite contains high concentrations of REE and has
higher distribution coefficients for middle REE compared to heavy and light REE (Glazner et
al., 2008). Although titanite is present throughout the layers, none of the samples have
relatively high concentrations of the middle REE compared to light REE. Furthermore,
hornblende concentrates middle REE (Glazner et al., 2008), but the hornblende-rich mafic
layer is enriched in light REE (Fig. 9). This pattern is inconsistent with fractionation of
hornblende, and the consistent REE patterns of the layers do not support fractional
crystallization.
 Fractionation of hornblende in the mafic layers, and the abundance of plagioclase in
the felsic layers, should result in a positive Eu anomaly in the felsic layers, but that was not
observed (Fig. 10). Presence of a positive or negative Eu anomaly is controlled by the ratio of
feldspar to hornblende + titanite (Glazner et al., 2008). This should be evident in the modally
layered granodiorite because the differences in the layers are more or less controlled by the
amount of hornblende and feldspar. However there is not a significant change in the Eu
anomaly from the mafic layers to the felsic layers (Fig. 10). Almost all the samples have a
negative Eu anomaly. No complementary positive Eu anomaly was observed (Fig. 10). The
apparent independence of the REE patterns and mineralogy does not support formation of the
layers by fractional crystallization alone; some other process concentrated REEs in the
layers.
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Evidence of non-dynamic processes
Petrography of the Round Valley Peak Granodiorite reveals important differences
between the modally layered and non-layered units. In the modally layered rocks, titanite
occurs as euhedral crystals or as rims on magnetite grains, and is almost always associated
with magnetite (Fig. 13, 14 C, D). In the non-layered rocks, euhedral titanite crystals are not
observed; they are anhedral, or occur as veins in other minerals such as plagioclase (Fig 14 E,
F). Titanite is rare in volcanic systems (Nakada 1991), indicating it forms late in the
crystallization sequence. The presence of abundant euhedral titanite in the modally layered
rocks may indicate important subsolidus conditions or processes. Titanite can form by
reactions involving magnetite; these reactions are sensitive to changes in temperature,
pressure, oxygen fugacity, and fluid composition (Wones, 1989; Xirouchakis and Lindsley,
1998). Magnetite loses Ti during slow cooling, and the assemblage titanite + magnetite +
quartz indicates high oxygen fugacities in granitic systems (Wones, 1989). The euhedral
form of the titanite crystals, and the close relationship between magnetite and titanite, may
indicate the modally layered rocks formed under higher fO2 conditions and experienced a
prolonged cooling history.
The source of the higher oxygen fugacity conditions may have been the breccia pipe
that is located in the modally layered unit (Fig. 1). The breccia pipe may have introduced
hydrothermal fluids, which could have increased the oxygen fugacity in the system.
Furthermore, the presence of the breccia pipe in almost the exact center of the modally
layered unit, and the erratic orientations of the layers around the pipe, indicates a relationship
between the two features. It is possible that the introduction of the breccia pipe led to
conditions in the surrounding area that were favorable for the formation of modal layering.
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While proving that modal layering forms by textural coarsening is outside the scope
of this study, evidence of non-dynamic processes allow for speculation. It is possible that
conditions within the system (potentially related to the introduction of the breccia pipe) were
favourable for textural coarsening to occur. Disequilibrium in a system can lead to self-
organization of minerals (Ortoleva et al., 1987). Periodic precipitation has been used to
explain Liesegang banding (Carl and Amstutz, 1958; Sultan et al., 1990), and a similar
process could be applicable in a plutonic system. Similarly, periodic nucleation of minerals
in a plutonic system could lead to pattern formation, and ultimately, modal layering
(Boudreau and McBirney, 1997).
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VII. Conclusions
Igneous layering has been studied for decades in an attempt to determine its origin.
Many instances of igneous layering have been interpreted using the historical cumulate
theory involving fractional crystallization, crystal settling, and flow. These processes are
based on the existence of a large, long-lived magma chamber. However, more recent studies
have found that incremental emplacement is an important emplacement mechanism in many
plutons (Coleman et al., 2004).
Applying the cumulate paradigm to complex granitic systems may be problematic.
Detailed study of the modally layered Round Valley Peak Granodiorite reveals inadequacies
of the cumulate hypothesis. Field observations, including orientation of modal layering and
opposing “up” directions of apparent cross bedding, contradict the interpretation that the
layers are sedimentary in nature. Geochemical data, especially the striking similarity of REE
patterns, does not support layer formation by fractional crystallization.
Igneous textures involving titanite in the Round Valley Peak Granodiorite may
indicate important post-crystallization processes such as textural coarsening. Non-dynamic
processes like textural coarsening can be important in the formation of igneous layering
(Boudreau, 1987), and may indicate prolonged or cyclic cooling histories as a result of
incremental pluton emplacement (Johnson and Glazner, 2009).
It is clear that no one process or model can adequately explain the formation of these
features. More work must be done to understand the complexities of the field relationships
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and geochemistry observed in the Round Valley Peak Granodiorite and other layered
intrusions.
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